Abstract
Introduction

Methamphetamine (METH) is a highly addictive synthetic psychostimulant causing neurotoxicity in humans. METH neurotoxicity has been characterized by enhanced release and reduced synaptic reuptake of major monoamine neurotransmitters, including dopamine (DA) and serotonin (5-HT), and is accompanied by a decrease in the number of dopamine transporter (DAT) binding sites. METH enters neurons via the DAT or 5-HT transporter and displaces both vesicular and intracellular DA and 5-HT. The displaced amines can then be oxidized producing reactive oxygen species (ROS). Indeed, increased tissue oxidative stress is known to be one of the major causes of neurotoxicity following METH administration
. However, cultured brain endothelial cells have also been shown to be a target for METH toxicity despite the lack of dopaminergic or serotonergic innervations. For example, exposure to METH can alter endothelial cell redox status by depleting cellular glutathione levels [3] . [4] [5] [6] . [7] .
METH exposure leads to intracellular ROS generation in brain endothelial cells and disruption of blood-brain barrier (BBB) functions
The BBB is a specialized system of capillary endothelial cells interconnected by intercellular tight junctions (TJs) that form a selectively barrier, which controls the internal environment of the central nervous system (CNS). TJs play a role in regulating the exchanges of substances between the brain and blood resulting in maintaining the homeostatic environment of the brain. TJs are constituted by transmembrane proteins such as occludin, claudins and junctional associated molecules (JAMs). In addition, cytoplasmic zonula occludens (ZO) proteins interact with transmembrane proteins and link them to the actin cytoskeleton
Occludin, a 60-65 kD phosphoprotein, is highly expressed in cerebral endothelium, whereas it is much more sparsely distributed in peripheral endothelia [8] . It [20] 
consists of four transmembrane domains, which bind to the two extracellular loops of claudin forming the paracellular component of the TJ. Mutation or overexpression of occludin in cultured cells affected both electrical resistance
Materials and methods
Cell culture and treatment factors
Immortalized human brain microvascular endothelial cells (hCMEC/D3 cells)
were cultured in EBM-2 medium, supplemented with EGM-2 Bullet-kit, which contains insulin-like growth factor-I (IGF-I), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), hydrocortisone, ascorbate, gentamycin and 2.5% foetal bovine serum (FBS) (Lonza, Walkersville, MD, USA). All cell culture plates were coated with rat tail collagen type I (BD Biosciences, San Jose, CA, USA) for 1 hr. Methamphetamine hydrochloride (US Pharmacopeia, Rockville, MD, USA) was dissolved in water and added directly into serum-depleted hCMEC/D3 cells with EBM medium (Lonza). Treatment with METH at the concentrations of up to 200 M for up to 24 hrs did not induce cell death in our model system. NSC 23766 (a selective inhibitor of Rac1 and NOX) was added to the cell culture media 16 hrs before METH exposure and U0126 (a selective inhibitor of MEK1/2) was added 30 min. before treatment with METH.
Western blotting
Caveolin-1 silencing
Caveolin-1 (Cav-1) silencing was performed as described previously [22] Figure 1D , diminished occludin levels were evident in membranes of cells exposed to METH between 1 and 6 hrs, reaching the lowest levels following a 3 hrs exposure and partially recovering 24 hrs post-METH treatment.
Another important transmembrane TJ protein is claudin-5 [7] .
As determined by Western blotting, protein levels of claudin-5 were not affected by treatment with 10 M METH for up to 24 (data not shown).
Exposure to METH stimulates formation of an active NOX complex
Induction of oxidative stress is widely believed to be an important factor in METH-induced toxicity [1, 2] (Fig. 2D) . Similar effects were also observed using other NOX inhibitors, diphenyleneiodonium chloride (DPI) and apocynin (data not shown).
NOX complex mediates METH-induced ROS generation
In the next series of experiments, we evaluated whether METHinduced activation of NOX can result in stimulation of oxidative stress in hCMEC/D3 cells using DHE fluorescence as the specific marker of superoxide production. DHE upon reaction with superoxide anions forms a red fluorescent product (ethidium), which intercalates with DNA [24, 25] . In cells exposed to 10 M METH for 30 min., DHE fluorescence markedly increased (Fig. 3A, left) . In FACS analysis, this effect corresponded to a shift of the histogram to the right (Fig. 3A, right, arrow Figure 3B (left), inhibition of NOX significantly protected against the METH-induced DHE fluorescence. These effects were also confirmed under confocal microscopy as shown in Figure 3B (Fig. 4A) .
Inhibition of NOX protects against METH-induced alterations of occludin levels and transendothelial migration of monocytes
Our next series of experiments was devoted to investigating whether activation of NOX plays a role in METH-induced changes in occludin levels. hCMEC/D3 cells were pre-treated with 100 M NSC 23766, followed by 3 hrs exposure to 10 M METH.
Consistent with the results presented in Figure 1, occludin levels were decreased by METH treatment in the NP40-soluble fraction with minimal changes in the NP-40-insoluble fraction. Cells exposed to METH in the presence of NSC 23766 exhibited significant protection against alterations of occludin levels in the NP-40 soluble fraction. However, exposure to NSC 23766 also resulted in redistribution of occludin as shown by decreased levels of this TJ protein in the NP-40 insoluble fraction of hCMEC/D3 cells
Fig. 3 METH-induced superoxide production is mediated by an active NOX complex in hCMEC/D3 cells. (A) hCMEC/D3 cells were treated with 10 M METH for the indicated time period and the production of superoxide was measured by the oxidation of DHE as determined by flow cytometry. Relative superoxide levels (left) were expressed as percentage of control. (Right) Reflects an example of FACS analysis in hCMEC/D3 cells exposed to METH for 30 min. The arrow indicates a shift of histogram in the METH group indicating increased production of superoxide. (B) Inhibition of NOX protects against METH-induced production of superoxide. hCMEC/D3 cells were pre-treated with 100 M NSC 23766 (NSC), followed by exposure to 10 M METH for 30 min. Production of superoxide (left) was quantified by DHE staining and FACS analysis as in (A) (left) and visualized under the confocal microscope (right). Scale bar, 50 m. The values in (A) and (B) represent the mean Ϯ S.E.M., n ϭ 3; *Statistically significant as compared to the respective control. † Values in the METHϩNSC group are significantly different as compared to those in the METH group.
We also determined the effects of NSC 23766 on METHinduced alterations of protein levels of occludin using immunofluorescence labelling (Fig. 4B, left) . Analysing the obtained data, we specifically focused on occludin immunoreactivity in the areas corresponding to the cell-cell borders, which was then quantified and plotted in a form of a bar graph (Fig. 4B, right) 
Integrity of occludin may regulate the barrier functions of brain endothelial cells and paracellular migration of inflammatory cells. Therefore, we also determined the involvement of NOX in METHinduced monocyte migration across monolayers of brain endothelial cells. Treatment of hCMEC/D3 cells with 10 M of METH for 5 hrs resulted in a 33% increase in transendothelial monocyte
passage. Pre-treatment with NSC 23766 protected against these effects (Fig. 4C) 
Functional caveolae and ERK1/2 signalling are detrimental for METH-induced ROS production and alterations of occludin levels
An active NOX complex was shown to be associated with caveolae [26] . In addition, signalling pathways localized to caveolae may be involved in the regulation of TJ proteins [22] . Therefore (Fig. 5C) . Interestingly, Cav-1 silencing also prevented METH-induced changes in occludin levels (Fig. 5D) , indicating the role of functional caveolae in the regulation of TJ protein levels.
Discussion
METH is a frequently abused drug via the intranasal, intravenous, smoked and, less commonly, the oral route [27] . Although [35] and 4 mM METH induced similar effects in cultured mouse astrocytes [36] . Similarly, generation of ROS and toxicity to human brain endothelial cells were demonstrated using METH at the dose of 2.5 mM [6] . Thus, this study is unique in terms of using an METH concentration of 10 M that is relevant to human drug [37] . Another potential source of METH-induced ROS is activation of cytochrome P-450 (CYP450) [38] .
Novel results of this study focus on the role of METH-induced activation of NOX, a ROS-producing enzyme that was originally identified and characterized in phagocytes and is also expressed within the cerebral vasculature [39] . Similar to the leukocyte form, NOX expressed in endothelial cells contains both gp91 and p22 [19] , that is, the subunits that binding to p47 was increased in hCMEC/D3 cells in response to METH treatment in this study (Fig. 2) (Fig. 1D) . [42, 43] . It was demonstrated that increased oxidative stress activated protein tyrosine kinases [44] , RhoA, and PI3 kinase [45] [46] . Although the Rho signalling is linked to TJ assembly [47] , alterations of Rho activity may contribute to a decrease in monocyte migration as observed in hCMEC/D3 cells cocultured with monocytes and exposed to this drug (Fig. 4C) . Modulation of the Rho pathway may also be responsible for occludin redistribution in the NP-40 insoluble fraction of hCMEC/D3 cells (Fig. 4A) .
Previous results from our laboratory emphasized the role of degradative processes, namely activation of matrix metalloproteinases and proteasome, in degradation of TJ proteins [48] . In addition, an interesting mechanism of caveolae-mediated internalization of occludin was recently described as a process associated with CCL2-induced TJ remodelling in brain endothelial cells [49] . It [52] . For example, caveolae and caveolae-associated pathways have emerged as regulators of TJ integrity [22] and the platform necessary for the assembly and activation of NOX [26] . Cav-1 protein was initially identified as a tyrosine-phosphorylated substrate of v-src [53] ; however, recent evidence indicates that it can play a regulatory role in caveolae-associated signalling and organize the association of signalling molecules within caveolae [54] . Down (Fig. 5A) . These results are important because phosphorylation of Cav-1 appears to be involved in the regulation of paracellular permeability [55] . For example, an increase in Cav-1 phosphorylation was determined in endothelial cells exposed to hydrogen peroxide and protection against this effect attenuated hydrogen peroxide-induced hyperpermeability of endothelial cell monolayers [56] .
This study also indicates the role of functional caveolae in the regulation of METH-induced alterations of occludin protein levels. Specifically, Cav-1 silencing completely protected against decreased occludin levels in METH-treated hCMEC/D3 cells (Fig. 5D) . Similar protections against alterations of TJ protein levels were observed in brain endothelial cells isolated from Cav-1 deficient mice and exposed to HIV-1 protein Tat [22] . Interestingly, blocking ERK1/2 activation by U0126 also protected against METH-induced alterations of occludin levels (Fig. 5C ).
In conclusion, this study demonstrates that METH, at the levels relevant to human abuse, can activate a NOX complex, followed by the subsequent activation of ERK1/2 signalling and phosphorylation of Cav-1 at Tyr14. Next, these events result in the generation of ROS, alterations of occludin protein levels, and compromised barrier function of brain endothelial cells (Fig. 6) 
